large amount of poly-P. However, this process is difficult to control and sometimes fails in phosphate (P)-removal for unknown reasons.
Some species of PAOs such as Microlunatus phosphovorus (Nakamura et al., 1995; Ubukata and Takii, 1997) , Lampropedia spp. (Stante et al., 1997) , and Acinetobacter sp. (Fuhs and Chen, 1975; van Groenestijn et al., 1987) have been isolated from P-removal activated sludges. However, they neither seemed to be dominant in the activated sludge populations nor did they exhibit the characteristics typical of P-removal activated sludges (Kortstee et al., 2000; Mino et al., 1998) . No microbes responsible for P-removal in the system have yet been isolated in spite of extensive efforts by many researchers, leading many others to investigate microbes in EBPR reactors by culture-independent methods.
Respiratory quinones have been used as biomarkers to study bacterial community structures in EBPR reactors (Hiraishi et al., 1989 (Hiraishi et al., , 1998 . The results of such studies mainly showed the dominance of ubiquinone-8 (Q-8), a major quinone of b-Proteobacteria (Hiraishi, 1999) and secondary dominant menaquinone-8(H 4 ) (MK-8(H 4 )), a major quinone of the Gram-positive bacteria with a high GϩC DNA content (Actinobacteria), in P-removal activated sludges. However, Lin et al. (2000) showed a positive relationship between Q-9 and P-removal activity of activated sludges, although Q-8 was dominant in their P-removal reactors. The results of their study suggested that g-Proteobacteria were responsible for P-removal in the reactors.
Fluorescence in situ hybridization (FISH) using probes specific to broad taxonomic groups (e.g., a-, b-, g-Proteobacteria) also showed that b-Proteobacteria were dominant in EBPR reactors (Bond et al., 1999a (Bond et al., , 1999b . However, by dual staining with FISH and 4Ј,6-diamidino-2-phenylindole (DAPI) to stain poly-P granules, Kawaharasaki et al. (1999) showed that the bacteria, which contained poly-P granules, belonged mainly to a-Proteobacteria and Actinobacteria in their reactor. Moreover, although b-Proteobacteria were dominant in their reactor, many of them did not contain poly-P granules.
Recently, Hesselmann et al. (1999) and Crocetti et al. (2000) obtained more detailed taxonomic information on dominant PAOs in laboratory-scale anaerobic/ aerobic sequential batch reactors (SBRs) by constructing clone libraries of 16S rDNA fragments and FISH with newly designed oligonucleotide probes. Both groups concluded that almost the same bacteria closely related to Rhodocyclus (which belonged to bProteobacteria) were responsible for P-removal in their reactors. Hesselmann et al. (1999) reported that the PAO was a rod (1.2ϫ2.1 mm) and named it 'Candidatus Accumulibacter phosphatis. ' Crocetti et al. (2000) observed the poly-P granules in the PAO by sequential FISH and methylene blue staining.
Denaturing gradient gel electrophoresis of PCR amplified 16S rDNA fragments (PCR-DGGE) has also been used to study EBPR systems (Liu et al., 2000; Nielsen et al., 1999) . Liu et al. (2000) investigated the bacterial compositions in their EBPR reactors by PCR-DGGE and quinone profiling. However, b-Proteobacteria were not detected by PCR-DGGE, although Q-8 was predominant in their activated sludges.
Thus, molecular methods used for investigations of EBPR reactors have provided useful information. However, culture-independent methods with biomarkers or probes specific to broad phylogenetic groups do not yield conclusive information. Molecular methods (e.g., PCR-DGGE, clone library, FISH) sometimes represent incorrect microbial community structures mainly due to PCR biases or the uncertainty of probe specificity especially in the case of no available positive control organisms. Therefore, polyphasic approaches are necessary to investigate the microbes in EBPR systems. In this study, we tried to identify dominant and/or responsible PAOs in a laboratory-scale anaerobic/aerobic continuous flow reactor (CFR) by using PCR-DGGE, quinone profiling, and FISH using a newly designed oligonucleotide probe. In addition, we observed the consumption and accumulation of poly-P in the cells by dual staining with FISH probes and DAPI.
Materials and Methods
Reactors and activated sludge samples. An anaerobic/aerobic (P-removal) CFR and a conventional (non-P-removal) CFR were maintained for several years on the same synthetic sewage (Maejima and Matsuo, 1997) . The working volumes of the P-removal reactor were 5 L in the anaerobic phase and 2 L in the aerobic phase. The synthetic sewage fed was composed of (mg L loaded at a rate of 30 L day
Ϫ1
. Sludge retention time was about 7 days. Two activated sludge samples (Sludge-A and -B) were collected from the end of the aerobic tank in the P-removal reactor at 7-month intervals. Mixed liquor suspended solid (MLSS) at the sampling time was 5,160 mg L Ϫ1 (Sludge-A) and 5,490 mg L Ϫ1 (Sludge-B), respectively. A control sample (Sludge-C) was collected from the non-P-removal reactor fed on the same synthetic sewage. P-contents of the samples were determined by the potassium peroxodisulfate digestion method (Japan Industrial Standard Committee, 1989) . Each activated sludge sample was harvested by centrifugation (5,000ϫg, 10 min, 4°C). A portion of the pellet was washed three times with 120 mM phosphate buffer (pH 6.8) and stored at Ϫ20°C for molecular analysis and quinone profiling. Another portion of the pellet was used for P-uptake experiments. P-uptake experiments. The ability of activated sludge samples (Sludge-A, -B, and -C) to remove phosphate (P-uptake ability) was determined under aerobic conditions without organic substrates as follows. Firstly, the activated sludge pellet was suspended in an inorganic medium at a concentration of 500 mg MLSS L Ϫ1 in a 500 ml shaking flask. ) were added to the suspension, the gas phase was replaced by N 2 gas, and the flask was closed with a rubber plug to create anaerobic conditions. After anaerobic incubation on a shaker at 30°C for 1 day, the sludge was harvested by centrifugation (2,400ϫg, 10 min, 4°C) and resuspended in the inorganic medium. The suspension in the flask was aerobically incubated on a shaker for 1 day at 30°C. The drop in the amount of phosphate in the supernatant during aerobic incubation was determined by the ascorbic acid method (Japan Industrial Standard Committee, 1989) .
DNA extraction. For DGGE analysis, DNA was extracted from the activated sludge samples as follows. About 0.1 g of the frozen sample was suspended in 1 ml of TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) containing 5 mg ml Ϫ1 lysozyme and 20% sucrose and incubated for 30 min at room temperature. Then, the suspension was centrifuged (2,400ϫg, 20 min, 4°C). The pellet thus obtained was resuspended in a mixture of 50 mM phosphate buffer (pH 7.6) 0.6 ml, 20% SDS 30 ml, 200 mM pyrophosphate 50 ml, TE-saturated phenol 0.6 ml, and 0.5 g glass beads (mixture (1 : 1) of 0.1 mm and 0.05 mm beads). The suspension was shaken vigorously (2,000 rev min Ϫ1 ) on a beadbeater (Mikrodismembrator U: B. Braun Biotech International, Melsungen, Germany) for 1 min. The suspension was then centrifuged (14,000ϫg, 5 min, 4°C), and the aqueous phase was retrieved. The residue was supplemented with 0.6 ml of 50 mM phosphate buffer (pH 7.6) and 30 ml of 20% SDS and was extracted again by the same procedure. The aqueous phase thus retrieved was supplemented with two volumes of 99.5% ethanol and 1/10 volume of 3 M sodium acetate and stored at Ϫ20°C for longer than 2 h. After centrifugation (14,000ϫg, 5 min, 4°C), the pellet was washed with 70% ethanol. The washed pellet was resuspended in 400 ml of TE, 40 ml of 5 M NaCl, and 800 ml of 30% polyethylene glycol (PEG) (Selenka and Klingmueller, 1991) . After 1-h incubation on ice, the mixture was centrifuged (14,000ϫg, 15 min, 4°C). The pellet obtained was washed again with 70% ethanol and diluted with 100 ml of TE-buffer. This solution was used as template DNA for PCR-DGGE. PCR-DGGE. An aliquot (4 ng) of the nucleic acids obtained was added to 100 ml of PCR reagent. The composition of PCR reagent was (in 100 ml) 1ϫ Ex Taq Buffer (Takara Shuzo, Shiga, Japan), 200 mM of each dNTP, 25 pmol of each primer, and 2.5 units of Taq polymerase (TaKaRa Ex Taq: Takara Shuzo). The sequence of 16S rDNA was amplified by PCR with a eubacterial forward primer 341F (5Ј-CCT ACG GGA GGC AGC AG-3Ј) with GC clamp (5Ј-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC G-3Ј) and a universal reverse primer 907R (5Ј-CCG TCA ATT CCT TTR AGT TT-3Ј) (Muyzer et al., 1997) . The PCR program was as follows: an initial denaturation at 95°C for 120 s, 25 cycles of denaturation at 95°C for 30 s, annealing at 45°C for 60 s, and extension at 72°C for 90 s with a final extension at 70°C for 120 s. The quantity and length of PCR products were confirmed by 2% agarose-gel electrophoresis.
The PCR products were analyzed by DGGE according to the protocols of Muyzer et al. (1997) and Ishii et al. (2000) . DGGE was performed with a D-gene system (Bio-Rad Laboratories, Hercules, CA, USA). The gel contained 8% polyacrylamide (37.5 : 1 acrylamide : bisacrylamide) and a linear gradient of the denaturants urea and formamide, increasing from 10% at the top of the gel to 50% at the bottom. The 100% denaturant contained 7 M urea and 40% formamide. DGGE was performed in a buffer (diluted 100 times) of 10ϫ readymade Tris/Acetic Acid/EDTA buffer (Bio-Rad Laboratories) at 200 V and 60°C for 4 h. The DNA bands on the gel were visualized by ethidium bromide staining. The gel was photographed on a UV (312 nm) transillumination table with a CCD camera (Printgraph, Atto Co., Tokyo, Japan).
DNA sequence and phylogenetic analysis. The bands on the DGGE gel were excised with a Pasteur pipette. DNA fragments in the gel were washed and reamplified by PCR as described above. After PCR, the products were confirmed by 2% agarose-gel electrophoresis and were applied to the DGGE again to confirm the location of the bands. The nucleotide sequences of the PCR products were determined with an automated DNA sequencer (ABI PRISM 377, Applied Biosystems, San Jose, CA, USA). The sequencing reactions were carried out with an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Foster City, CA, USA) according to the manufacturer's instructions. The sequences were compared to available 16S rDNA sequences in the DNA Databank of Japan (DDBJ). The SSEARCH program with Smith-Waterman algorithm (Smith and Waterman, 1981 ) was used to search relatives to the obtained sequence and to calculate similarities. The phylogenetic tree was made by the neighbor-joining algorithm (Saitou and Nei, 1987) using the Clustal W program Ver. 1.7 (Thompson et al., 1994) .
Quinone profiling. Quinone profiling was carried out according to the protocol previously described (Hiraishi et al., 1989 (Hiraishi et al., , 1998 . Quinones were extracted with a chloroform-methanol mixture, evaporated in a vacuum, and reextracted with n-hexane-water. The crude quinone was concentrated and applied to a SepPak Plus Silica column (Waters Corp., Milford, MA, USA) to separate menaquinone and ubiquinone fractions. Quinone components in each fraction were analyzed by reverse-phase HPLC and photodiode array detection.
Fixation for FISH. According to Amann (1995) , one volume of the sample was fixed by the addition of three volumes of 4% paraformaldehyde solution at 4°C for 90 min. The fixed sample was washed and resuspended in phosphate buffered saline (PBS: 130 mM NaCl, 10 mM sodium phosphate buffer, pH 7.2). One volume of ice-cold ethanol was added to the suspension and stored at Ϫ20°C. The stored sample was washed once with PBS. The fixed samples were dispersed by sonication (60 s, 5 W ml Ϫ1 : Sonicator 5202: Ohtaka Works, Tokyo, Japan) in the pyrophosphate solution (sodium tripolyphosphate 5 mg L Ϫ1 , NaCl 0.85%) to count cells of the hybridized bacteria. The samples for observing poly-P were not sonicated, because sonication would cause the loss of poly-P (Kawaharasaki et al., 1999) . The suspension (3 ml) was immobilized on a gelatin-coated (0.1% gelatin, 0.01% KCr(SO 4 ) 2 ) slide and dried at room temperature. The sample on the slide was dehydrated in 50% ethanol for 3 min and dried at room temperature. Ethanol of 80% or 90% was not used for dehydration because it would cause the loss of poly-P in the cells (Kawaharasaki et al., 1999) . A pure culture of Rhodocyclus tenuis (D16210) and the Sludge-C sample were used as negative controls.
Probe design, in situ hybridization, and DAPI staining. The 16S rDNA sequence obtained from the DGGE-band was compared with the sequences of the probes designed by Hesselmann et al. (1999) and Crocetti et al. (2000) (Tables 1 and 2) . A new probe specific to the DGGE-band 4 bacterium (PAB651) was designed by modifying the probe PAO651 designed by Crocetti et al. (2000) . The designed oligonucleotide was synthesized and labeled at the 5Ј-end with indocarbocyanine dye Cy3 by Amersham Pharmacia Biotech (Tokyo, Japan). The probe PAB651 was hybridized using 35% formamide hybridization buffer at 46°C for 90 min and washed in the hybridization buffer at 46°C for 20 min on referring to Corcetti et al. (2000) . The probe was observed to bind only morphologically simi- Crocetti et al. (2000) lar coccobacilli in both Sludge-A and -B. After being hybridized with probe PAB641, the cells on the slide glass were further hybridized with probe EUB338 labeled with FITC (Amann et al., 1990) when necessary. Dual staining of the cells was performed with DAPI staining for poly-P observation and the probe to detect the band 4 bacterium as described by Kawaharasaki et al. (1999) . DAPI solution (50 mg ml
) was put on a sample on a slide glass, and the slide glass was incubated for 60 s at room temperature. DAPI stains poly-P in bright yellow and cells in blue. For each sludge sample, at least 1,000 DAPI stained cells were counted. The cells were visualized on a microscope IMT-2 (Olympus Optical, Tokyo, Japan) using filter sets IMT2-DMU for DAPI, IMT2-DMB for FITC and IMT2-DMG for Cy3, and an Axioplan2 microscope (Carl Zeiss Co., Ltd., Jena, Germany) using filter sets 02 for DAPI, 10 for FITC, 15 for Cy3, and 09 for dual staining of PAB651 and EUB338. The photographs of hybridized or stained cells were taken with a color CCD camera (AxioCam: Carl Zeiss Co., Ltd.) (Fig. 3 panel 1) or a Photomicrograph system DM-6 (Olympus Optical) using a Fujicolor Superia-400 film (Fig. 3 panels 2-4) . The final images of the bacteria were prepared using the Adobe Photoshop program (Adobe Systems Inc., San Jose, CA, USA).
Observation of PHA granules. PHA granules were stained with Nile blue A according to the protocol of Ostle and Holt (1982) and observed under an Axioplan2 epifluorescent microscope (Carl Zeiss Co., Ltd.) with filter set 02.
Total cell counting. Total cell numbers in the activated sludge samples were determined by DAPI staining. The sample was diluted with the pyrophosphate solution and dispersed by sonication (60 s, 5 W ml
). The dispersed sample was stained with the DAPI solution for 1 min. The stained cells were trapped by vacuum onto a track-etched membrane filter (Nucleopore, pore size: 0.2 mm: Nuclepore Corp., Pleasanton, CA, USA). An epifluorescent microscope IMT-2 (Olympus Optical) with filter set IMT2-DMU was used for counting stained cells. The number of cells was calculated by the average count of 10 random fields on each filter.
Nucleotide sequence accession numbers. The sequences obtained in this study are available in DDBJ under accession numbers AB052089, AB052105, and AB057642. 2002 Phosphate-removing bacteria in sludge 47 Table 2 . Similarities of 16S rDNA sequences related to DGGE band 4 and probe specificities. 
Results and Discussion

P-uptake ability of activated sludge samples
The P-content and the P-uptake ability of each activated sludge sample are shown in Table 3 . The sludges from the P-removal reactor (Sludge-A and -B) took up a large amount of phosphate under aerobic conditions without organic matter, whereas the sludge from the non-P-removal reactor (Sludge-C) released a small amount of phosphate under the same conditions. Although the operation condition of the reactor was not changed during the period between two sludge sampling times and the P-contents of Sludge-A and -B were similar to each other, the phosphate removal rate per MLSS was much higher in the former sludge than in the latter. Indeed, the average phosphate concentration in the effluent for about 14 days before sampling was much higher at the sampling time of Sludge-B than at that of Sludge-A (Table 3) . The lower and fluctuating efficiency of P-removal had been observed since about 40 days before the sampling of Sludge-B (data not shown). However, the ability per cell of Sludge-B was nearly 80% of Sludge-A, because the latter sludge contained more bacteria per MLSS (Table  3) . The difference in the P-uptake ability between Sludge-A and -B may be due to that the number of PAOs and/or the ability of the dominant PAOs were higher in Sludge-A than in Sludge-B. The slight release of phosphate from Sludge-C indicated that PAO populations, if any, were low. Figure 1 shows the DGGE patterns from the activated sludge samples. Many bands were detected on lanes A and B in the DGGE gel. Some thick bands appeared on almost the same migration distance on lane C. These might show that the microbial compositions in the P-removal activated sludges (lanes A and B) were more complex than that in the non-P-removal sludge (lane C). The DGGE pattern was different between Sludge-A and -B. Then, the microbial composition in the reactor had considerably changed in the interval between the two sampling times irrespective of the constant operational conditions. Liu et al. (2000) studied the microbial compositions of P-removal activated sludges in three SBRs fed on influents with different phosphate concentrations and reported that DGGE band-patterns of activated sludges with an almost identical P-content were very similar to each other. Their results were different from the present results. This discrepancy was probably due to the difference of the configurations and the conditions of the reactors. The SBRs of Liu et al. (2000) 48 ONDA et al. Vol. 48 Lanes A and B: from the P-removal activated sludges (Sludge-A and -B). Lane C: from the non-P-removal activated sludge (Sludge-C).
Analysis by PCR-DGGE
were fed on a mixture of acetate and peptone as carbon sources, whereas the CFR in this study was fed on complex synthetic sewage.
Some major bands were recognized on the lanes of the P-removal activated sludge samples (bands 1-5 on lane A and bands 1-5 on lane B in Fig. 1) . Two of them (band 4 on lanes A and B, and band 5 on lanes A and B) commonly appeared at the same migration distance on the both lanes. These bands were not found in the non-P-removal activated sludge sample (lane C). Band 4 from the sludge sample with a higher P-removal activity (lane A) was thicker than that from the sludge sample with a lower P removal efficiency (lane B). In addition, band 4 was the thickest in lane A. Therefore, band 4 was suggested to be from a bacterium responsible for P-removal in the reactor. The 16S rDNA fragment (approx. 550 bp) of band 4 was sequenced and compared with those in the database. The sequence was related to Propionivibrio, Rhodocyclus, and the 16S rDNA clones, which were recently designated as PAOs by Hesselmann et al. (1999) and Crocetti et al. (2000) (Fig. 2, Table 2 ). These bacteria belong to b-Proteobacteria. The closest relative to our clone was the clone SBRB34 (AF204247) by Crocetti et al. (2000) (similarity: 98.5%). The band 5 clone was also sequenced (approx. 480 bp) and was found to be related to Methylocaldum szegediense (U89300), belonging to g-Proteobacteria, but its similarity was only 85.2%. This was probably an unknown bacterium that had adapted to the anaerobic/aerobic conditions. The thickest band in lane B (B-1) was not found on lane A. Its sequence (approx. 460 bp) was distantly related to Cytophaga sp. (similarity: 88.3%) isolated from a deep-sea sediment (Li et al., 1999) . Its closest clone was AF314419 (similarity: 93.3%), the origin of which was an aerobic phosphorus ecosystem (P. Dabert et al., unpublished) . Table 4 shows the composition of isoprenoid quinones in the activated sludge samples. Sludge-A and -B contained 60% and 24% of Q-8, respectively. This suggests that b-Proteobacteria were dominant in the activated sludge with a higher P-removal ability, but not in the less efficient sludge. This result agreed with that of the DGGE analysis described above. The second most abundant quinone in both Sludge-A and -B was Q-10, although its proportion in Sludge-A was fairly small. Q-10 is a major quinon in a-Proteobacteria, which was not detected as a main common band on lanes A and B in the DGGE gel. The content of Q-9 (a major quinone in many members of g-Proteobacteria) was low in both sludges. MK-8(H 4 ) was dominant in Sludge-B (33%), but relatively low in Sludge-A (11%). Recently, two new species, Tetrasphaera japonica and Phosphate-removing bacteria in sludge 49 Fig. 2 . Neighbor-joining tree of DGGE band 4 and its close relatives (* putative PAO).
Quinone profiling and its comparison to DGGE analysis
Escherichia coli was used as outgroup. Accession numbers appear in the parentheses. T. australiensis, were isolated as poly-P accumulating bacteria from activated sludges (Maszenan et al., 2000) . Their major menaquinones contain MK-8(H 4 ). However, the corresponding main DGGE bands were not obtained from Sludge-B. Liu et al. (2000) investigated the bacterial compositions in their anaerobic/aerobic SBRs by PCR-DGGE and quinone profiling. The quinone profiles in the P-removal activated sludges they reported were similar to those of Sludge-A, although b-Proteobacteria were not detected by PCR-DGGE in their report. They attributed this discrepancy partly to the biases associated with DNA extraction and PCR amplification. The discrepancy between PCR-DGGE and quinone profiling was found in the case of Sludge-B as described above, although the same procedures were used for both Sludge-A and -B. This may result from PCR bias and/or lower efficiency of DNA extraction for Actinobacteria (Hiraishi et al., 2000) .
Our results for the quinone profiles also disagreed with those of Lin et al. (2000) . According to them, there was a negative relationship between Q-8 content and P-removal activity in SBRs fed on several synthetic wastewaters with different compositions, although Q-8 was dominant in their reactor. Instead, the increase in Q-9 content accompanied an increase in P-removal activity. Their results suggest that g-Proteobacteria were responsible for P-removal in the reactors. The disagreement between their results and ours might be due to the configurations and conditions of the reactors. Hiraishi et al. (1998) compared quinone profiles of many activated sludge samples from the EBPR and non-P-removal processes and showed that Q-8 was a major quinone, independent of the phosphate accumulation, although its share was mostly less than 40%. These results imply that many members of b-Proteobacteria commonly inhabiting activated sludge are not PAOs and PAOs other than b-Proteobacteria exist in some P-removal activated sludges. They also reported that Actinobacteria was second most abundant group because of the high contents of MK-8(H 4 ).
In situ hybridization
The 16S rDNA sequence of DGGE band 4 was compared with the sequences of the probes designed by Hesselmann et al. (1999) and Crocetti et al. (2000) ( Tables 1 and 2 ). Only the probe PAO846 had no mismatch to the band 4 sequence. However, it was considered that the wider coverage of the PAO846 would cause miss-hybridization to the relatives. Then, a new probe specific to band 4 (PAB651) was designed by modifying the probe PAO651 (Crocetti et al., 2000) for FISH. Dual staining with PAB651 and EUB338 showed the morphological difference between the targeted bacterium and other bacteria (panel 1 in Fig. 3 ). The bacterium hybridized with the probe PAB651 was oval or coccobacilli, measured 1.5ϫ2.0 mm, and always occurred in clusters (panels 1, 2 and 3 in Fig. 3 , indicated by arrow a). The morphological features of the bacterium were similar to 'Candidatus Accumulibacter phosphatis' (Hesselmann et al., 1999) .
The results of the dual staining with DAPI and the probe PAB651 showed that the targeted bacterium contained poly-P after the aerobic batch incubation with an inorganic medium containing phosphate (panels 2 and 3 in Fig. 3, indicated by arrows a) . The poly-P granules were stained a bright yellow with DAPI. The cells hybridized with PAB651 stained a bright yellow, especially on the surface of the flocs. After the anaerobic batch incubation with mixed organic substrates or only acetate, almost all cells of the targeted bacterium were stained blue with DAPI, indicating that they lost all or some poly-P granules (panels 4 and 5 in Fig. 3 ). These observations show that the bacterium stained with PAB651 released phosphate under anaerobic conditions in the presence of organic substrates or even acetate alone and took up phosphate under 2002 Phosphate-removing bacteria in sludge 51 Fig. 3 . Micrographs of bacteria in the P-removal activated sludge (Sludge-A). Bar: 10 mm (all panels). Arrow (a) indicates the PAO (DGGE band 4). 1) Double staining with PAB651 and EUB338. Orange color shows the PAO hybridized with PAB651. Green color indicates the other bacteria hybridized with EUB338. Some self-fluorescent bacteria were also observed (b). 2) After the aerobic batch incubation in a flask. The PAO is in red with PAB651.
3) The same field as picture 2). Poly-P is stained in bright yellow with DAPI. The PAO contained poly-P. 4) After the anaerobic batch incubation in a flask. The PAO is in red with PAB651. 5) The same field as picture 4). Blue color shows the bacteria without poly-P. Almost all cells hybridized with PAB651 stained blue. Some morphologically different bacteria, which were not hybridized with PAB651, stained bright yellow as shown in (c) small cocci in irregular clumps, (d) large coccobacilli, and (e) filamentous bacteria. aerobic conditions without organic substrates. PHA granules were also observed in cells morphologically identical to the targeted bacterium after the anaerobic batch incubtion, and the granules disappeared or decreased after the aerobic batch incubation (data not shown). These behaviors seem to be identical to those found in P-removal activated sludges (Kortstee et al., 2000; Mino et al., 1998) .
Some morphologically different bacteria, which did not hybridize with PAB651, were also stained bright yellow with DAPI under the anaerobic incubation (panels 4 and 5 in Fig. 3, indicated by arrows c, d and e) . These bacteria would consume only a small amount of poly-P or none at all under the anaerobic batch incubation. Therefore, their characteristics may be different from those of the PAOs expected to be responsible for P-removal. Kawaharasaki et al. (1999) counted the bacteria containing poly-P granules under aerobic conditions using FISH combined with DAPI staining. They concluded that the bacteria accumulating a large amount of poly-P in their reactor belonged to Actinobacteria or the a-Proteobacteria. However, not all of the bacteria containing poly-P granules would be important for Premoval. Since the physiological features of the responsible bacteria are expected to be similar to those of the P-removal activated sludges, observations of poly-P and PHA granules under both anaerobic and aerobic conditions would be important.
The number of bacterium hybridized with PAB651 was much higher in Sludge-A than in Sludge-B (Table  5 ). The results showed that the bacterium was dominant in the activated sludge with a higher P-removal activity, which agreed with the quinone profile (Table  4) . Therefore, the band 4 bacterium accounted for almost all of b-Proteobacteria in Sludge-A and should play an important role in P-removal, at least in the sludge with high P-removal ability.
On the other hand, the band 4 bacterium was not dominant in Sludge-B, although this sludge showed about 80% P-removal ability per total bacterial cells of that of Sludge-A. Therefore, Sludge-B might be dominated by different species of PAOs, one of which might contain MK-8(H 4 ) as the major menaquinone (belonging to Actinobacteria), although the corresponding DGGE bands were not obtained.
Quite recently, Liu et al. (2001) reported the results using clone library and FISH on the microbial communities in the activated sludge from the same CFR used in this study. Their sludge had a higher phosphorus content (10-12%) than Sludge-A and -B, because of higher phosphate concentration in influent (H 3 PO 4 , 110 mg L
Ϫ1
). Their results also showed that the 'Candidatus Accumulibacter phosphatis' group (hybridized with probe PAO846, see Table 2 ) was the dominant PAO, although its dominancy (35.2% of EUB338-hybridized cells) was less than that in Sludge-A. Interestingly, Actinobacteria related to Tetrasphaera japonica group having poly-P was secondly dominant (16.7%) in their results. As T. japonica has MK-8(H 4 ) as the main menaquinone (Maszenan et al., 2000) , the high proportion of MK-8(H 4 ) in Sludge-B might be due to its dominancy. On the other hand, a-Proteobacteria with Q-10 occupied a small proportion (9.5%) in their sludge, although the content of Q-10 was relatively large in both Sludge-A and -B. None of the clones they obtained were phylogenetically related to the clones of bands 5 and B-1 in the DGGE gel from Sludge-A and -B.
In conclusion, the combination of the DGGE analysis of 16S rDNA fragment amplified followed by sequencing, quinone profiling and FISH with a newly designed probe clearly showed that the dominant PAO in activated sludge with high capacity for P removal (Sludge-A) was the close relative to Propionivibrio and Rhodocyclus that belong to b-Proteobacteria. This bacterium belongs to the group of the PAO that Hesselmann et al. (1999) and Crocetti et al. (2000) identified by construction of clone libraries and FISH and named as 'Candidatus Accumulibacter phosphatis' by Hesselmann et al. (1999) . Poly-P granules in the bacterium were confirmed to be formed in the aerobic condition and degraded in the anaerobic condition in the presence of organic substrates by dual staining with the specific probe for the PAO and DAPI.
The configuration and conditions of the reactor used in this study (i.e., CFR) were different from the SBRs that Hesselmann et al. (1999) and Crocetti et al. 52 ONDA et al. Vol. 48 (2000) used. Thus, this group of bacteria would play an important role for P-removal in many types of reactors. However, this group did not dominate in the less efficient activated sludge (Sludge-B). Therefore, at some time other types of PAO might become to be important. For more understanding, investigations on different types of P-removal reactors including actual plants are needed along with extensive efforts to isolate dominant PAOs. For this, such polyphasic approaches as reported are essential because of possible biases of molecular technique as well as of cultivation methods.
